A study was initiated to determine the presence of organic disinfection by-products (DBPs) in drinking water treated with chlorine dioxide (ClO 2 ). One potential advantage for the use of ClO 2 as a disinfectant is the reduced formation of organic DBPs. Generally, water treated with ClO 2 produces chlorite and chlorate ions, but there is limited information regarding the presence of halogenated organic DBPs. Eight systems that use chlorine dioxide as part of the water disinfection process were investigated. All systems in this study applied chlorine as a primary or secondary disinfectant in addition to ClO 2 . To evaluate seasonal and spatial variations, water samples were collected during cold water (February to March 2003) and warm water (July to August 2003) months at fi ve sites for each system: raw water (R, before treatment), treated water (T, after treatment but before distribution), and three points along the same distribution line (D1, D2, D3). Sampling and analysis were conducted according to established protocols. A suite of 27 organic DBPs including haloacetic acids (HAA), trihalomethanes (THM), haloacetonitriles (HAN), haloketones, haloacetaldehydes (HA), chloropicrin, and cyanogen chloride were examined. In addition, the concentration of oxyhalides (chlorite and chlorate ions) and auxiliary parameters were also determined.
Introduction
In order to reduce the levels of trihalomethanes (THM) and haloacetic acids (HAA) produced during disinfection with chlorine (Krasner et al. 1989 ), many utilities are using alternative disinfectants such as chloramines, chlorine dioxide, and ozone. Chlorine dioxide is more effective than chlorine and chloramines for inactivation of viruses, Cryptosporidium and Giardia. It can be used at lower concentrations, with shorter contact times, and over a wider pH range compared with chlorine. It can also eliminate odour, as well as control iron and manganese (Arora et al. 2001) .
Chlorine dioxide (ClO 2 ) is generated for drinking water treatment by reacting chlorite (ClO 2 -) as sodium chlorite with chlorine (Cl 2 ) under acidic condition (Schmidt 2004 ). This process is accompanied by complex secondary reactions including the reaction of Cl 2 /ClO 2 with natural organic matter (NOM), the autodecomposition of ClO 2 , and the reformation of ClO 2 .
Effi ciencies of the Cl 2 /ClO 2 -reaction range from 60 to 95%; therefore, excess Cl 2 reacts with NOM to produce disinfection by-products (DBPs). It has been reported that halomethanes only formed when chlorine residual was added after ClO 2 treatment (Richardson et al. 1994) . Hofmann et al. (2004) reported that an increase in the excess of free chlorine (up to 20% Cl 2 wt/wt) leads to an increase in the formation of THM and HAA.
Bench-scale studies have demonstrated that ClO 2 itself does not react with NOM to form THM, but produces ClO 2 -and chlorate (ClO 3 -) ions (Korn et al. 2002; Schmidt 2004) . Chlorite ions may also result from unreacted sodium chlorite being carried through ineffi cient ClO 2 generators, or through reaction of ClO 2 with compounds such as NOM and other contaminants in raw water.
Chlorate ions are produced by the photolytic decomposition of ClO 2 and the oxidation of chlorite ions by ozone or chlorine during secondary disinfection. In a treatment plant, organic matter infl uences the effi cacy of disinfection with ClO 2 (Chang et al. 2000) , and reacts to form chlorite. During the summer, chlorine dioxide degrades more rapidly, and higher residual chlorite is found in the distribution system. Chlorite concentration decreases slightly with residence time in the distribution system, and the chlorate level generally increases with distance from the treatment plant to the extremities of the system (Hoehn et al. 2003) .
The World Health Organization has proposed a provisional guideline value of 0.7 mg/L for each chlorite and chlorate in drinking water (WHO 2003) . The United States Environmental Protection Agency's maximum contaminant level goal and maximum contaminant level for chlorite ion are 0.8 and 1 mg/L, respectively (U.S. EPA 1998). Regulation of chlorate is pending while awaiting results of ongoing toxicology studies. In Canada, the proposed maximum acceptable concentration for each ClO 2 -and ClO 3 -is 1 mg/L, and is awaiting approval. Chlorine dioxide may be applied at different stages in the disinfection process. At present in North America, ClO 2 is used principally as a primary disinfectant for surface waters with odour and taste problems. The application of chlorine dioxide as a primary disinfectant can reduce the THM produced when chlorine is subsequently applied for secondary disinfection (Hofmann et al. 1998) . In many European countries, ClO 2 has been used as a secondary disinfectant (Arora et al. 2001) .
In bench-and demonstration-scale experiments, it was found that the DBPs formed from predisinfection with ClO 2 were carboxylic acids, aldehydes, and aldoketoacids at levels lower than those typically formed with ozonation (Richardson et al. 2000; Dabrowska et al. 2003) . During bench-scale experiments using water containing 3 mg/L of total organic carbon (TOC) and 0.2 to 0.5 mg/L of bromide, THM were not detected following the application of ClO 2 for predisinfection, whereas a concentration of 8.0 μg/L of HAA was found (Krasner et al. 2003) . However, when predisinfection with ClO 2 was followed by intermediate chlorination, THM were produced in quantities ranging from 10 to 30 μg/L, and HAA in quantities from 25 to 40 μg/L; the levels increased to 27 to 76 μg/L for THM, and 30 to 49 μg/L for HAA when postchloramination was practiced (Krasner et al. 2003) . In studies using chlorine as a primary disinfectant, the THM levels ranged from 36 to 48 μg/L. In simulated distribution system tests using fi ltered water samples dosed with chlorine and chloramines, the formation of THM and HAA was 2 to 12 times higher when chlorine was used as the primary disinfectant than when ClO 2 was used (Arora et al. 2001) . The formation of THM and HAA was dependent on water pH and/or removal of the DBP precursors.
The principal inorganic DBPs found in chlorine dioxide-treated drinking water are the chlorite and the chlorate ions, but there is limited information on the occurrence of other halogenated DBPs. To address this research gap, Health Canada initiated a study to gather data on the presence of DBPs in water treatment systems using chlorine dioxide in the disinfection process; this study also examined the temporal and spatial distribution of the target DBPs.
Experimental

Sample Collection
Eight drinking water systems using chlorine dioxide as part of the disinfection process were studied (Table 1) . For each system, information on water treatment processes, operating conditions at the time of sampling, and sampling sites were recorded. The samples were collected in amber glass bottles capped with Tefl on-lined septum caps, shipped to the laboratory in coolers containing ice packs, and stored at approximately 4°C until analyzed. Water samples were collected according to established protocols (LeBel and Benoit 2000; Koudjonou and LeBel 2006) .
To account for seasonal variations, samples were taken during cold water months (February to March 2003, water temperature 3 ± 1°C), and warm water months (July to August 2003, water temperature 21 ± 3°C) when DBP levels were expected to be lowest and highest, respectively. To evaluate spatial variation of DBPs in each system, water samples were collected at fi ve points at the treatment facility and within the distribution system: raw water (R), treated water (T) taken at the treatment plant after disinfection but before distribution, and distributed water (along a streamline) sampled close to the treatment plant (D1), midsystem (D2), and far system (D3).
Twenty-seven DBPs were monitored, including THM, eight HAA (HAA8), haloacetaldehydes (HA), haloacetonitriles (HAN), haloketones (HK), cyanogen chloride (CNCl), and chloropicrin (CP) ( Table 2 , which also contains acronym defi nitions for the targeted DBPs in this study). A set of auxiliary parameters that included temperature, pH, residual chlorine dioxide, residual chlorine, bromide ion, and total organic carbon were also determined for raw and treated water.
DBP Analysis
The analytical methods for DBP analyses have been described previously (LeBel and Williams 1996; LeBel and Benoit 2000; Koudjonou and LeBel 2006) and are outlined briefl y here.
Analysis of neutral-extractable DBPs. The liquid-liquid extraction method used in previous work was modifi ed to include THM, HAN, HK, HA, CNCl, and CP.
Water samples (62 mL) were collected in bottles containing ascorbic acid as a preservative, and the pH was adjusted to 4.5 in the fi eld. Liquid-liquid extraction was performed with methyl-t-butyl ether-(MTBE) containing internal standards. The extracts were analyzed using a Varian 3800 gas chromatograph equipped with dual electron capture detectors (GC-ECD). A DB-5 chromatographic column (30 m × 0.32 mm internal diameter; fi lm thickness, 1 μm) was used as the primary column, and a DB-1 column (30 m × 0.32 mm internal diameter; fi lm thickness, 1 μm) was used for confi rmation. Quantifi cation of the target DBPs in the water was based on relative response factors developed from the analyses of multilevel, fortifi ed groundwater samples that had been shown to be free of the target DBPs and interferences.
Analysis of haloacetic acids. Samples were collected in 32-mL vials containing 12.5 mg of sodium thiosulfate as a preservative. They were extracted with MTBE after being acidifi ed to a pH of 0.5. The HAA8 (Table 2) were methylated with ethereal diazomethane, and their methyl ester derivatives were analyzed using a Varian GC Ion Trap fi tted with a DB-1701 (30 m × 0.32 mm internal diameter; fi lm thickness, 0.25 μm) chromatographic column. Quantifi cation was achieved by using characteristic ions for each acid derivative, and was based on response factors relative to the internal standard. Response factors were derived from the analyses of multilevel, fortifi ed water samples.
Analysis of chlorite, chlorate, and bromide ions. The determination of inorganic anions, including bromide, was performed using the United States Environmental Protection Agency method 300.1 (U.S. EPA 1997). Water samples were collected in 100-mL amber bottles and sparged with helium for 15 minutes. The samples were transferred to 40-mL amber vials containing 2 mg of ethylenediamine. Analysis was performed using a Dionex microbore-ion chromatography system fi tted with a AG9-HC guard column (2 mm × 50 mm) and an AS9-HC separation column (2 mm × 250 mm) (Dionex Inc., Calif., U.S.A.). The detector was a CD20 suppressed conductivity detector, with an ASRS-I suppressor. The eluent was 7.2 mM Na 2 CO 3 at a fl ow rate of 0.25 mL/ min. For the analysis of bromide, the sample loop was changed from 25 to 100 μL.
Water Quality Parameters
Residual chlorine was determined in the fi eld using the DPD method (N,N-diethyl-p-phenylendiamine) with a Hach Pocket Colorimeter. The DPD method allows determination of free chlorine and total chlorine in water samples, using appropriate reagent pouches; the readings are as milligrams per litre of Cl 2 . The determination of residual chlorine dioxide uses the free chlorine DPD pouch along with the addition of glycine to quench the residual chlorine present. The readings obtained on the specifi c Hach Pocket Colorimeter are expressed as milligrams per litre of ClO 2 . Auxiliary parameters including total organic carbon, turbidity, and pH were determined as previously described (LeBel et al. 1997 ).
Quality Assurance and Quality Control
All solvents were analysed to verify the absence of target compounds and interferences. All samples were collected and analysed in duplicate, with the average of the two analyses reported. Field blank samples were analysed for each sample collection session, and fortifi ed samples were analysed periodically throughout the study.
Results
General Water Quality Parameters
All facilities were supplied with surface water sources (rivers, lakes). The disinfection scheme was the same during the winter and summer samplings with a few exceptions as specifi ed in Table 1 . Due to operational constraints (failure of the ClO 2 generator), two samplings occurred during the summer at System 7 (7A and 7B); this allowed the assessment of impacts of treatment with (7B) and without (7A) chlorine dioxide. In the summer, four sets of samples were collected at System 8 (8A to 8D) to account for abnormally high bromide levels in the source water at the fi rst sampling. The results are summarized in Table 3 .
Water quality parameters at the plant (R and T) for both sampling campaigns are listed in Table 3 . Total organic carbon in raw water ranged from 3.9 to 8.0 mg/L in summer and from 2.9 to 6.9 mg/L in the winter, whereas in treated water it ranged from 1.9 to 3.8 mg/L in summer and from 2.0 to 3.3 mg/L in the winter. After treatment, TOC was removed by ≥50% in six of the eight systems, and by 30% in System 1. In System 4, the concentration of TOC remained almost the same at 2.8 mg/L.
Measured chlorine dioxide levels in treated water at the plant (T) ranged from not detected (nd) to 0.63 mg/L as ClO 2 during the summer, and from nd to 0.53 mg/L in the winter. Chlorine dioxide levels decreased within the distribution system (T > D1 > D2 > D3) from 0.22 mg/L to not detected. Since all the treatment plants used chlorine as either a pre-, intermediate, or postdisinfectant (Table 1) , free chlorine levels were found in distributed water and ranged from 0.02 to 1.3 mg/L as Cl 2 for both winter and summer. The lowest levels were found in Systems 4 and 6 which used interchlorination and postdisinfection with ClO 2 ; total chlorine levels in distributed water ranged from 0.06 to 1.4 mg/L in the summer, and from 0.3 to 1.7 mg/L in the winter. Bromide levels in raw water varied from nd to 0.182 mg/L in the summer, and from nd to 0.028 mg/L in the winter (Table  3) . In treated water, bromide levels ranged from nd to 0.059 mg/L in the summer, and from nd to 0.007 mg/L in the winter.
Inorganic DBPs
Chlorite and chlorate ions are the two major inorganic DBPs produced after treatment with chlorine dioxide. Figure 1 shows the chlorite and chlorate concentration found in each system at the treated water (T) and the distribution system (D1, D2, D3) in summer (S) and winter (W). The levels of chlorite correlated with the applied ClO 2 dosages and treatment processes. Chlorite was not detected when ClO 2 was not applied (System 3 in the winter [ Fig. 1 c] and system 7A in the summer [data not shown]). Chlorite was not found in System 8 because ozone was used as a postdisinfectant oxidizing all the chlorite applied in earlier stages of the disinfection process. In systems where 1 mg/L of ClO 2 was applied, the levels of chlorite were between 0.60 and 0.97 mg/L, except in System 6 (summer) where the maximum concentration of chlorite was 1.6 mg/L. This high level does not correlate with the stoichiometric conversion of chlorine dioxide. The high chlorite level may be attributed to a malfunction of the generator (excess ClO 2 -in the chlorine dioxide generated) since, at the same ClO 2 dose during the winter, the chlorite levels were similar to the other distribution systems. It was found that chlorite ion decreased with residence time, from 7 up to 43% in the summer and from 5 to 57% in the winter, except in System 3 (summer) where the chlorite ion rose at the far end of the distribution system (D3-S). With the one exception, this trend is in agreement with an observation made by Baribeau et al. (2002) in a distribution system fed by a treatment plant using ClO 2 in secondary disinfection, where the decrease was attributed to the reaction of chlorite with the iron present in the pipes. There was no seasonal variation (temperature effect) in the levels of chlorite. For those systems that applied the same dose of ClO 2 in both seasons, the levels of chlorite were very similar (Fig. 1b, 1d ; 1f excluded due to suspect reporting), with the exception of System 7 where higher chlorite levels were found in the winter.
It has been suggested that, in the distribution system, chlorite reacts with residual chlorine to produce chlorate (Hoehn et al. 2003; Schmidt 2004) . Chlorate ion concentrations were found between 0.03 and 0.27 mg/L in the winter, and between 0.08 and 0.61 mg/L in the summer. In both seasons, the concentration remained stable along the distribution system. The maximum concentration was found in System 8 during the summer. Hoehn et al. (2003) found a slight decrease in concentration with residence time.
Organic DBPs
Distribution by class. DBPs were found in all water samples after treatment. THM and HAA8 were the major DBPs found, and accounted for approximately 85% of the total DBPs in both summer and winter, except in System 8. The percentage of each class varied depending on the sampling point along the distribution systems, given that the levels of THM increased with residence time. The percentage of THM varied from 30 to 39% at T, to 37 to 47% at the far end of the distribution system (D3). Figure 2 shows that the DBP percentages per class during the summer for all the systems at middistribution (D2). In six systems, the percentages of THM (25 to 49%) were lower than HAA8 (44 to 61%), and are in accordance with results obtained in systems that use chlorine as a disinfectant (Williams et al. 1995) . Haloacetaldehydes accounted for 6 to 9%, haloketones for 3 to 4%, haloacetonitriles for 2 to 3%, cyanogen chloride for 1 to 2%, and chloropicrin for 0.4%. In System 7A, chlorine dioxide was not applied the day of sampling, thus additional sampling was included (7B).
Fig. 1. Chlorite and chlorate levels found in the distribution systems (T, D1, D2, and D3) for each system during summer (S) and winter (W).
The two samplings conducted at System 7 (7A, 7B) enabled the comparison of DBP levels and patterns in the treated water from the same source water in the absence/ presence of chlorine dioxide. The general trend in Fig. 3 to 7 shows a systematic decrease in the concentrations measured for all classes of DBPs where chlorine dioxide was applied. Similarly, Volk et al. (2002) reported 85 and 60% decreases in THM and HAA8, respectively, when they converted a utility from chlorine to chlorine dioxide. In System 8, where ozone was used, higher levels of HA were found, and their percentage was similar to that of the HAA8 (approximately 20 to 25%). During the winter (data not shown), HAA8 accounted for 55 to 66 % of the targeted DBPs, and were followed by THM (18 to 30%), HA (5 to 12%), HAN (2 to 4%), CNCl (0.5 to 3%), and CP (0.4%).
Trihalomethanes (THM).
Total trihalomethanes included four species: chloroform (trichloromethane, TCM), bromodichloromethane (BDCM), chlorodibromomethane (CDBM), and bromoform (tribromomethane, TBM). TCM is commonly the major THM and accounts for 60 to 98% of the total THM for most systems. Figure 3 shows the total THM concentrations obtained for all of the 8 systems' sampling sites during the (a) summer and (b) winter. Total THM ranged from 1.8 to 17.5 μg/L at T and from 6.7 to 31 μg/L at D3 during winter, and from 3.3 to 60.4 μg/L at T and from 18 to 99.6 μg/L at D3 in the summer. In general, total THM were 2 to 3 times higher in summer than in winter at each sampling site (T, D1, D2, D3).
In systems that applied chlorine as a primary disinfectant (2, 3, and 4), higher levels of total THM were noted, except for System 4 where the TOC and the applied chlorine doses were the lowest (Table 3) . THM were detected at comparatively lower levels in System 1 where the primary disinfectant was ClO 2 (9 μg/L). It has been reported that application of ClO 2 as a primary disinfectant can reduce the total THM produced when chlorine is subsequently applied for secondary disinfection (Hoffman et al. 1998) . In systems that use interchlorination and chlorine dioxide as a postdisinfectant (Systems 5 to 7), the total THM at T ranged from 25.1 to 49.6 μg/L. In the winter, the same trend on the production of THM is followed, but the levels found were one third of the levels found in the summer.
In System 7, because of equipment breakdown, chlorine dioxide was not used during the fi rst sampling in the summer (System 7A , Fig. 3a) ; the generator was back in service for a repeat sampling (7B, Fig. 3b ). When chlorine dioxide was applied, the THM levels decreased by 26% at T, and by 12% at D3. In System 8, the amount of total THM decreased with lower bromide levels, from 54 to 12 μg/L at T, and from 99 to 23 μg/L at the far end of the distribution system; this THM decline was due to the corresponding decrease in the brominated species. At 0.18 mg/L of bromide, the level of CDBM was found to be 25 μg/L, and TBM was 19 μg/L, whereas at 0.03 mg/L, the concentrations of CDBM and TBM were 5.2 and 0.6 μg/L, respectively.
Total Haloacetic Acids (HAA8).
Total haloacetic acids included eight species: bromochloroacetic acid (BCAA), bromodichloroacetic acid (BDCAA), chlorodibromoacetic acid (CDBAA), dibromoacetic acid (DBAA), dichloroacetic acid (DCAA), monochloroacetic acid (MCAA), monobromoacetic acid (MBAA), and trichloroacetic acid (TCAA).
HAA8 levels were higher than total THM levels and ranged from 13 to 52 μg/L in the winter, and from 12 to 111 μg/L in the summer; the data for the summer survey are shown in Fig. 4a . As was the case with THM, higher levels of HAA8 were found in Systems 2 and 3 (80 μg/L at T, and 56 to 78 μg/L at D3), both of which used prechlorination. They were followed, in terms of magnitude of HAA8 levels, by systems with interchlorination-post-ClO 2 /Cl 2 (System 6 and 7). In System 7, application of ClO 2 as a postdisinfectant reduced the HAA8 levels at site T by 8%, and at site D3 by 18%. HAA8 levels were 1.4 to 2.8 times higher in the summer than in the winter, except in Systems 5 and 8. In System 5, the levels were very similar, and in System 8, HAA8 levels were lower in the summer than in the winter. HAA8 levels reached a maximum at some point in the distribution system. It was observed in some systems that HAA8 levels at the far end of the system (D3) decreased to the levels observed at the treatment plant (T) (Fig. 4a) .
In bench-scale studies, it has been reported that dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) are the only HAA formed when chlorine dioxide is used. In another study, only dihalogenated compounds (DXAAs) were produced, and no trihalogenated or monohalogenated HAA were detected (Krasner et al. 2003) . Richardson et al. (2003) reported the production of DBAA (up to 39 μg/L) and BCAA (up to 3.9 μg/L) only on raw water with high levels of bromide (2 mg/L) after treatment with ClO 2 , Cl 2 , and chloramines. The speciation of the HAA is dependent on the temperature and on the bromide concentration found in raw water. In this study, during the winter in systems with a bromide concentration below 0.01 mg/L, MBAA, DBAA, and CDBAA were not detected, whereas in the summer, DBAA was found. At low bromide levels, the main HAA 
were DCAA (4.3 to 54.8 μg/L) and TCAA (2.7 to 41.8 μg/L), followed by BCAA (0.8 to 2.7 μg/L) and BDCAA (0.6 to 1.6 μg/L); CDBAA was not detected. At bromide levels >0.1 mg/L, the major HAA were DBAA (16.4 μg/L) and BCAA (11 μg/L), whereas MCAA was not found and CDBAA was only found at these levels.
Haloacetaldehydes (HA).
Ozonation of drinking water enhances the production of oxygenated DBPs such as aldehydes, including acetaldehyde (Weinberg et al. 1993; Paode et al. 1997; Gagnon et al. 1997; LeBel and Williams 1998) . Dabrowska et al. (2003) reported the presence of aldehydes in raw water, as well as their increase in concentration after one hour of contact with chlorine dioxide. In addition, an increase in the concentration of four aldehydes (formaldehyde, acetaldehyde, glyoxal, and methylglyoxal) as a function of the chlorine dioxide dose was found, but this correlation varied with the source of the water. Swietlik et al. (2004) have suggested that high molecular weight fractions of NOM decompose to lower molecular weight components by oxidation with both ozone and chlorine. This oxidation may generate signifi cant amounts of biodegradable byproducts such aldehydes and carboxylic acids. To date, there is no information regarding the presence of HA produced by chlorine dioxide. In our study, seven HA were targeted: chloral hydrate (CH), dichloroacetaldehyde (DCA), bromochloroacetaldehyde (BCA), bromodichloroacetaldehyde (BDCA), chlorodibromoacetaldehyde (CDBA), dibromoacetaldehyde (DBA), and tribromoacetaldehyde (TBA).
Total haloacetaldehyde levels varied from 1.0 to 15.4 μg/L at T in the summer (Fig. 5a) , and from 0.6 to 7.2 μg/L in the winter (Fig. 5b) . The highest levels were found in System 8 which used ozone as a primary disinfectant (15.4 μg/L). The second highest levels were found in Systems 2 and 3, where total HA levels were at 10 and 12 μg/L, respectively (at T). In almost all the systems, the levels increased with residence time in both summer and winter (4.9 to 20.7 μg/L at D3 in summer and 2.1 to 10.5 μg/L in winter). The total HA levels where 1.5 to 4 times higher in summer than in winter.
Chloral hydrate contributed approximately 45 to 80% to the total HA, and was found at concentrations ranging from 0.2 to 5.2 μg/L in the winter, and 0.4 to 12.2 μg/L in the summer. Chloral hydrate levels were higher in Systems 3, 2, and 8 (at D3, concentrations were 11.8, 11.4, and 10.2 μg/L, respectively), and the levels increased with residence time. The next prominent HA were DCA and BDCA; their contributions to the total HA were site specifi c. DCA was found at concentrations between 0.4 to 3.6 μg/L in the winter, and 0.5 to 2.8 μg/L in the summer; the highest levels were found in Systems 2 and 8. DCA reached a maximum at some point in the distribution system and decayed towards the far end. BDCA varied from not detected to 1.3 μg/L in the winter, and from not detected to 5.4 μg/L in the summer, with the highest levels observed in System 8. CDBA varied from not detected to 0.6 μg/L in the winter and to 2.1 μg/L in the summer. DBA and TBA were not detected. In System 8, where ozone was used, total HA levels were similar to HAA8 levels (Fig. 2) .
Haloacetonitriles (HAN).
Four HAN were targeted: trichloroacetonitrile (TCAN), dichloroacetonitrile (DCAN), bromochloroacetonitrile (BCAN), and dibromoacetonitrile (DBAN) ( Table 2) . Total HAN are depicted in Fig. 6 for all the systems in both seasons. Total HAN levels increased signifi cantly in the distribution system. DCAN was the major HAN, detected in all the samples with low bromide content, with the highest concentrations found in Systems 2, 3, and 7A during the summer at D1 (3.6 to 6.1 μg/L). During the winter, the concentrations in two of the systems were usually half of the values measured in the summer, whereas in the remaining systems, the levels were similar. BCAN was found in approximately 98% of the samples at concentrations (up to 0.4 μg/L) one order of magnitude less than DCAN which was the most prominent HAN for both summer and winter. TCAN was not detected, except in one sample during the winter sampling season (0.08 μg/L). DBAN was found in System 8 only (0.27 μg/L). However, the concentration of DCAN (0.09 to 0.6 μg/L) in this system was one order of magnitude lower than that of the other systems, yielding a total HAN for System 8 similar to total HAN levels present in the other systems.
Other DBPs. Dichloropropanone (DCP) and trichloropropanone (TCP) were the two targeted haloketones. Trichloropropanone was found in all the samples, with levels higher in the summer (0.44 to 5.3 μg/L) than in the winter (0.26 to 3.6 μg/L) (Fig. 7) . DCP was found in all the samples at levels one order of magnitude lower than TCP. There was no correlation between the different treatment processes and the levels of haloketones analyzed.
Chloropicrin was found in all treated water at levels of up to 0.52 μg/L in the summer, and 0.44 μg/L in the winter. Cyanogen chloride was found in all of the samples. However, unlike the other targeted DBPs, levels were higher in the winter than in the summer, probably due to its high volatility. Levels ranged from 0.19 to 3.3 μg/L (one sampling site only) in the summer, and from 0.3 to 1.81μg/L in the winter. 
Conclusions
This is the fi rst study in Canada for the determination of organic DBPs in drinking water systems using chlorine dioxide in their treatment strategy. All systems applied chlorine as a postdisinfectant, and one system applied ozone as the primary disinfectant. Our main conclusions are as follows:
Most of the targeted DBPs (27) were found in all the 1) treated drinking water systems. Haloacetic acids were the major DBP, followed by THM, both accounting for more than 85% of total DBPs followed by HA (up to 9%). Minor DBPs were HK, HAN, CNCl, and CP. It was also confi rmed in this survey that systems 2) using chlorine dioxide as part of their disinfection strategy formed inorganic DBPs such as chlorite and chlorate ions. Chlorite ions were found at concentrations of up to 1.6 mg/L in the summer, and 0.9 mg/L in the winter. Chlorate ions were detected at levels up to 0.61 and 0.27 mg/L in summer and winter, respectively. Unlike some other DBPs, there were no seasonal variations in the levels of chlorite treatment strategy and raw water quality parameters including bromide levels and temperature. Except for the HAN and CNCl, higher levels in each class were found in the summer sampling session. The highest concentrations of THM (up to 60 μg/L) and HAA8 (up to 80 μg/L) were found in treatment plants that used prechlorination, with the exception of one system that was supplied by a water source having a low TOC value.
The results obtained in this study confi rm that 4) the use of chlorine dioxide in place of chlorine to disinfect water is advantageous in that it produces lower concentrations of organic DBPs. In the same system, the use of chlorine dioxide resulted in about a 20% decrease of DBPs. Ozonation increased the amount of HA to levels 5) similar to or higher than those of the THM and HAA8. This study confi rmed research from previously 6) published studies that showed the levels of THM increase with residence time, reaching a maximum at the far end of the distribution system, whereas HAA8 and HA reached their maximum concentration at some other point in the distribution system.
